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Quantitative description of changes in the distribution of paddy rice cultivation in response to recent climate change provides a 
reference for rice cultivation patterns and formulation of countermeasures to cope with future climate change in China. This study 
analyzes the dynamics of decadal changes in distribution of double-cropping rice in China during 1961–2010 in relation to climate 
change based on the maximum entropy method. Decadal changes in the double-cropping rice cultivation area and climatic suita-
bility in China were apparent. The total area of climatically suitable regions was highest in the 1960s, and subsequently showed an 
increasing trend at first and then a decreasing trend from the 1970s to 2000s. However, the low climatic suitability area decreased, 
which implied that the moderate and high climatic suitability areas increased. Among the latter, the high climatic suitability area 
showed the highest increase in extent to 4.4 times that of the 1990s and four times that of the 1960s. The areas of double-cropping 
rice cultivation most sensitive to climate change are mainly located in central Jiangsu, central Anhui, the eastern Sichuan Basin, 
southern Henan and central Guizhou. Transformation of areas between low and moderate climatic suitability was observed in 
northern Zhejiang, southern Anhui and Hubei, and northern Guangxi. Transformation of areas between moderate and high climat-
ic suitability was observed in central Jiangxi and Leizhou Peninsula. The northern boundary of double-cropping rice cultivation in 
China shifted southwards and contracted eastwards in the 1970s, and extended northwards in the 1980s. However, the northern 
boundary did not shift northwards in response to climate warming in the 2000s. 
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Global climate change has resulted in a clear trend for in-
crease and decadal variation in air temperature in China, 
especially since the 1980s [1,2], and a change in precipita-
tion patterns [3]. Decadal climate anomalies affect the 
planting patterns of agricultural crops and people’s lives 
directly, and result in the degradation of natural ecosystems 
in some regions [4,5] and even social stability [6]. Thus, 
decadal climate variability and its impact has become an 
important focus of climate research [7–9]. 
The cropping system used in an area depends on the in-
teraction between crop climatic adaptability and human 
activities. The climatic adaptability of crops is the basis for 
crop planting patterns. The regionalization of climatic suit-
ability and climatic ecology have been important issues in 
agricultural climate research [10–12]. Rice is among the 
most important food crops worldwide, especially in China, 
and is the staple of more than half of the world’s population 
and more than 65% of the population in China. At the na-
tional level, the regionalization of paddy rice cultivation and 
its climatic requirements was presented by Ding [13] in the 
1950s and the Group of Chinese Agriculture Climate Divi-
sion [10] in the 1980s, respectively, and plays an important 
role in guiding rice production in China. Recently, a climate 
suitability regionalization of double-cropping rice at the 
national level was presented by Duan and Zhou [14] on the 
basis of a comprehensive index of rice appearance frequen-
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cy. This regionalization presents the potential distribution of 
rice cultivation under average climatic conditions, and pro-
vides the basis for scientific direction of rice production. 
Present-day climatic warming is obvious in China. As a 
result, the area of rice cultivation is decreasing in southern 
China and increasing in northern China, and the boundary 
of rice cultivation is shifting northwards [15,16]. In general, 
climate change results in the movement of plant species 
distribution towards the poles and higher altitude regions 
[17,18] and changes in vegetation types [17]. The geo-
graphical distribution of plant species and plant functional 
types will change under future climate change scenarios 
[19–21]. The boundaries of double-crop rice cultivation in 
China have moved northwards because of the rising tem-
perature since the 1980s [22]. However, some studies sug-
gest that a change in water balance is an important factor 
that affects the distribution of plant species and may have 
the opposite effect as rising temperature [23]. Interannual 
climate variability is an important factor that affects the 
geographical distribution of vegetation, especially annual 
herbs [24]. Therefore, clarification of the relationship be-
tween climate change and the distribution of rice cultivation 
is required urgently to provide a reference for rice cultiva-
tion patterns and to aid development of strategies to cope 
with climate change in China. 
Duan and Zhou [14] revealed the dominant climatic fac-
tors that affect the distribution of double-cropping rice cul-
tivation and developed a method for classification of dou-
ble-cropping rice climatic suitability in terms of the maxi-
mum entropy method. However, the responses in the cli-
matic suitability of double-cropping rice cultivation distri-
bution in China to climate change have not been analyzed 
previously. In the present study, based on the correspond-
ence of double-cropping rice cultivation with agrometeoro-
logical observations during 1999–2010 and climate data for 
the period 1961–2010, together with the method of double- 
cropping rice climatic suitability classification, the dynam-
ics of decadal changes in the distribution of double-crop- 
ping rice cultivation in China during the period 1961–2010 
was analyzed. The results reveal responses in the distribu-
tion of double-cropping rice cultivation to decadal climate 
change, and provide a reference for rice cultivation patterns 
and formulation of countermeasures to climate change in 
China. 
1  Data and methods 
1.1  Data collection and processing 
Data for double-cropping rice geographical distribution and 
climate in China were obtained from the National Meteoro-
logical Information Center, China Meteorological Admin-
istration (CMA). The data were recorded at 46 double- 
cropping rice agrometeorological observation stations from 
1999 to 2010 and 741 meteorological observation stations 
from 1961 to 2010. Average daily temperature and daily 
precipitation were interpolated into 10 km × 10 km grids, in 
terms of the truncated Gaussian filter operator space con-
volution algorithm [25] and a decreasing air temperature 
vertical gradient of −0.006°C/m. The location of the weath-
er stations, double-cropping rice stations, and terrain in 
China are shown in Figure 1. Data processing was per-
formed with ArcGIS 9.3 software. 
1.2  Methods 
The maximum entropy model (as implemented in the 




Figure 1  Location of climate and double-cropping rice observation stations (a) and the terrain in China (b). 
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edu/~schapire/maxent/) was used, which was developed by 
Phillips and Dudik [26] for simulation of the distribution of 
plant species. The software uses the maximum entropy ap-
proach to infer, without bias, plant species distribution 
based on limited information on the distribution of unknown 
plant species. The model considers that in the absence of 
external forces, an entity always tends to a maximum within 
applied constraints. Under known conditions, the entities 
with maximum entropy are close to the real state [27]. 
Maximum entropy statistical modeling seeks to select the 
maximum entropy distribution as the optimal distribution 
from a qualified distribution. Details of the method are de-
scribed in [14,26]. 
The present study indicated that the dominant climatic 
factors that affect double-cropping rice distribution in China 
are annual precipitation, mean temperature of the warmest 
month, and days with stable temperature not less than 18°C, 
and that these variables could be used as environment inputs 
in the MaxEnt model [14]. The MaxEnt method calculates 
the crop appearance frequency (P) in an area within the 
range of 0 to 1, which is the reference from the possibility 
of assessment division reported by the Intergovernmental 
Panel on Climate Change (IPCC). The climatic suitability 
classes for double-cropping rice cultivation and their re-
spective appearance frequencies were defined as follows: 
climatically unsuitable (P<0.05), low climatic suitability 
(0.05≤P<0.33), moderate climatic suitability (0.33≤P<0.66), 
and high climatic suitability (P≥0.66). An appearance fre-
quency of P≥0.05 was considered to be the total climatically 
suitable class for double-cropping rice cultivation. The 
northern boundary of double-cropping rice cultivation was 
given by P=0.05 [14,28]. The period 1961–1970 was di-
vided into five decades, namely the 1960s, 1970s, 1980s, 
1990s, and 2000s. Decadal changes in the distribution of 
double-cropping rice cultivation during 1961–2010 were 
obtained based on the average of ten random sampling sim-
ulations of the maximum entropy model, in terms of data 
for a standard annual climate comprising annual precipita-
tion, mean temperature of the warmest month, and days 
with a stable temperature not less than 18°C during the pe-
riod 1971–2000. Eighty percent of the 46 double-cropping 
rice agrometeorological observation stations were used as 
training data for the simulation, and the remaining 20% 
were used as validation data for the simulation model. The 
changes in each climatic suitability class and the northern 
boundary of double-cropping rice cultivation in China were 
mapped with ArcGIS 9.3 software. 
2  Results 
2.1  Regional climate change in China 
The annual average temperature showed a rising trend in 
China during 1961–2010 with an average rate of increase of 
0.046°C/a (Figure 2(a)). Decadal change in temperature 
showed an increasing trend in the 1970s, a declining trend 
in the 1980s, and continuous increasing trend during the 
1990s and 2000s. Changes in days with a stable temperature 
not less than 18°C and mean temperature of the warmest 
month showed the same trend as the annual average temper-
ature, with rates of increase of 0.267 d/a and 0.036°C/a, re-
spectively (Figure 2(c),(d)). The regional annual precipitation  
 
 
Figure 2  Annual and decadal climate change in China. (a) Annual average temperature; (b) annual precipitation; (c) days with temperature not less than 
18°C; (d) mean temperature of the warmest month. 
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increased slightly with an average rate of increase of 0.56 
mm/a during 1961–2010 (Figure 2(b)). Decadal precipita-
tion showed no obvious change during the 1960s and 1970s, 
then increased in the 1980s and 1990s, but declined in the 
2000s. Similar changes in annual average temperature and 
precipitation have been reported previously [2,29]. 
2.2  Decadal changes in distribution of double-cropping 
rice cultivation 
The inter-decadal changes in climatic suitability areas for 
double-cropping rice in China were identified under differ-
ent decadal climatic conditions (Figure 3). With regard to 
comparison of the 1960s and 1970s, the low climatic suita-
bility area migrated southwards in Jiangsu, Anhui, Henan 
and Hubei, and migrated eastwards in Guizhou and Sichuan. 
In Hunan, the low climatic suitability area expanded east-
wards and the moderate climatic suitability area decreased. 
The climatic suitability of Leizhou Peninsula for dou-
ble-cropping rice decreased from high to moderate. From 
the 1970s to the 1980s, the low climatic suitability area mi-
grated southwards to the same position of the 1960s in 
Jiangsu, Anhui, Henan and Hubei; the climatically unsuita-
ble area expanded eastwards into the originally low climatic 
suitability area in Guizhou; the moderate climatic suitability 
area shifted northwards into the originally low climatic 
suitability area in Zhejiang; and the climatic suitability of 
Leizhou Peninsula increased from moderate to high. Be-
tween the 1980s and 1990s, the northern boundary of the 
low climatic suitability area showed no obvious change in 
Jiangsu, Anhui, Henan and Hubei, but shifted westwards in 
Guizhou; the high climatic suitability area in Guangxi de-
creased to moderate climatic suitability, and part of the high 
climatic suitability area in Jiangxi decreased to moderate 
climatic suitability. The overall area of high climatic suita-
bility increased because of the change from moderate to 
high climatic suitability in some areas in the 2000s. 
2.3  Changes in distribution of climatic suitability  
classes for double-cropping rice cultivation  
Changes in the distribution of climatic suitability classes for 
double-cropping rice cultivation inevitably led to changes in 
the area of each class. From the 1960s to 2000s, the climat-
ically unsuitable area was lowest in the 1960s, increased in 
the 1970s, then decreased, and subsequently increased again 
in the 2000s (Table 1). The change in the total climatically 
suitable area showed the opposite trend to that of the cli-
matically unsuitable area. The total area climatically suita-
ble for double-cropping rice cultivation was highest in the 
1960s with an area of 1953.0×103 km2 and thereafter de-
creased. The area of low climatic suitability showed a de-
clining trend, from 1067.7×103 km2 in the 1960s to 738.3× 
103 km2 in the 1970s. The regions with moderate and high 
climatic suitability are the main areas of double-cropping 
rice production in China; the total area of these two climatic 
suitability classes showed an increasing trend from 885.3 
×103 km2 in the 1960s to 1067.4×103 km2 in the 2000s. The 
high climatic suitability class showed inter-decadal fluctua-
tions in area and increased most greatly in the 2000s, when 
the area was about 4.4 times that of the 1990s and about 




Figure 3  Decadal distribution of different climatic suitability classes for double-cropping rice cultivation in China during the period 1961–2010. 
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Table 1  Area of each climatic suitability class for double-cropping rice cultivation in China in each decade from 1961 to 2010 (unit: ×103 km2) 
Class of climatic suitability 1960s 1970s 1980s 1990s 2000s 
Unsuitable 7764.7 7932.6 7886.7 7862.0 7912.0 
Low 1067.7 895.3 874.1 833.8 738.3 
Moderate 795.2 835.9 839.3 938.6 701.0 
High 90.1 53.9 117.6 83.3 366.4 
 
 
Both the climatically unsuitable and moderate climatic 
suitability classes increased in area in the 1970s, which cor-
responded to a decrease in the areas of the low and high 
climatic suitability classes. Both the climatically unsuitable 
and low climatic suitability classes declined in the 1980s, 
which corresponded to an increase in the area of the high 
climatic suitability class from 53.9×103 km2 to 117.6×103 
km2. The moderate climatic suitability class did not change 
obviously in area in the 1980s. The climatically unsuitable 
class continued to decrease in area in the 1990s, which cor-
responded with an increase in the moderate climatic suita-
bility area. Simultaneously, the low and high climatic suita-
bility classes also decreased in area in the 1990s. The cli-
matically unsuitable and high climatic suitability classes 
increased in area in the 2000s; in particular, the high cli-
matic suitability area was about 3.4 times higher than that in 
the 1990s. Simultaneously, the moderate and low climatic 
suitability classes decreased in area. 
The dynamics of decadal changes in each climatic suita-
bility area are summarized in Table 2. The first column of 
the left side is the climatic suitability for double-cropping 
rice in the previous decade; the first row of the table is the 
climatic suitability for double-cropping rice in the next 
decade. The value of yij , where i and j are the row and col-
umn, respectively, indicates the area occupied by the i cli-
matic suitability class in the previous decade, represented 
by the area occupied by j climatic suitability class in the 
next decade. The area unit is 103 km2. The sum of the values 
in each row indicates the area of i climatic suitability class 
in the previous decade; the sum of the values in each col-
umn indicates the area of j climatic suitability class in the 
next decade.  
The conversions between climatic suitability classes re-
sulted in changes in the area of the different climatic suita-
bility classes (Table 2). With regard to comparison of the 
1960s and 1970s, the areas of unchanged climatic suitability 
were 7763.8×103 km2, 850.2×103 km2, 750.1×103 km2, and 
53.0×103 km2 for the climatically unsuitable to the high 
suitability classes, respectively. From the 1960s to the 
1970s, the climatically unsuitable class increased in area 
from 7764.7×103 km2 to 7932.6×103 km2, an increase of 
167.9×103 km2 (Table 1), which reflected decline from low 
climatic suitability (168.8×103 km2) and upgrade to low 
suitability ሺ0.9×103 km2) from the previous decade (Table 
2). The low climatic suitability class (the sum of the second 
column) decreased in area, which reflected upgrade from 
climatically unsuitable (0.9×103 km2), decline from moder-
ate climatic suitability (44.2×103 km2), degradation to cli-
matically unsuitable (168.8×103 km2), and upgrade to mod-
erate climatic suitability (48.7×103 km2). The moderate cli-
matic suitability area increased slightly, which comprised 
upgrade of 48.7×103 km2 from low climatic suitability, 
degradation of 37.1×103 km2 from high climatic suitability, 
degradation of 44.2×103 km2 to low climatic suitability, and 
upgrade of 0.9×103 km2 to high climatic suitability. The 
area of high climatic suitability was reduced by about 50%, 
consisting of degradation of 37.1×103 km2 to moderate cli-
matic suitability, and upgrade of only 0.9×103 km2 to high 
climatic suitability from the other classes.  
From the 1970s to 1980s, the area of unchanged climatic  
Table 2  Decadal conversions between the different climatic suitability classes for double-cropping rice cultivation in China from 1961 to 2010 (Unit: ×103 
km2) 
 1960s–1970s 1970s–1980s 
 Not Low Middle High Not Low Middle High 
Not 7763.8 0.9 0 0 7843.2 89.4 0 0 
Low 168.8 850.2 48.7 0 43.5 752.9 98.9 0 
Middle 0 44.2 750.1 0.9 0 31.8 740.3 63.8 
High 0 0 37.1 53.0 0 0 0.1 53.8 
 
1980s–1990s 1990s–2000s 
Not Low Middle High Not Low Middle High 
Not 7810.6 76.1 0 0 7827.2 34.8 0 0 
Low 51.4 756.1 66.6 0 84.8 662.1 86.9 0 
Middle 0 1.6 815.8 21.9 0 41.4 609.3 287.9 
High 0 0 56.2 61.4 0 0 48 78.5 
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suitability was 7843.2×103 km2, 752.9×103 km2, 740.3×103 
km2 and 53.8×103 km2 for the climatically unsuitable to 
high climatic suitability classes, respectively. The highest 
increase in area occurred in the high climatic suitability 
class, which increased from 53.9×103 km2 to 117.6 × 103 
km2. This increase was mainly due to change from moderate 
climatic suitability. The climatically unsuitable area de-
creased by 45.9×103 km2 mainly owing to upgrade to low 
climatic suitability. The low climatic suitability area de-
creased slightly, mainly due to upgrade to moderate climatic 
suitability. The moderate climatic suitability area did not 
change markedly.  
From the 1980s to 1990s, the area of unchanged climatic 
suitability was 7810.6×103 km2, 756.1×103 km2, 815.8×103 
km2 and 61.4×103 km2 for the climatically unsuitable to high 
climatic suitability classes, respectively, which accounted 
for about 97.2% of the total land area in China. The low 
climatic suitability area decreased as a result of degradation 
to low climatic suitability (51.4×103 km2) and upgrade to 
moderate climatic suitability (66.6×103 km2), and upgrade 
of 77.7×103 km2 from climatic unsuitability to low climatic 
suitability. The moderate climatic suitability area increased, 
which comprised upgrade of 66.6×103 km2 from low cli-
matic suitability, degradation of 56.2×103 km2 from high 
climatic suitability, and conversion of 1.6×103 km2 and 
21.9×103 km2 from moderate to low and high climatic suit-
ability, respectively. The high climatic suitability area was 
reduced by one-third because of conversion to moderate 
climatic suitability.  
From the 1990s to the 2000s, the area of unchanged cli-
matic suitability was 7827.2×103 km2, 662.1×103 km2, 
609.3×103 km2, and 78.5×103 km2 for the climatically un-
suitable to high climatic suitability classes, respectively, 
which accounted for 94.4% of the total land area in China. 
The climatically unsuitable area increased, which comprised 
degradation of 84.8×103 km2 from low climatic suitability 
and upgrade of 34.8×103 km2 to low climatic suitability. 
The high climatic suitability class showed the highest in-
crease in area, to about 4.4 times that of the 1990s, which 
comprised upgrade of 287.9×103 km2 from moderate cli-
matic suitability and degradation of 48.0×103 km2 from high 
climatic suitability. 
2.4  Dynamics of changes in sensitivity to climate 
change and the northern boundary of double-cropping 
rice cultivation 
Decadal sensitivity of areas of double-cropping rice cultiva-
tion to climate change was apparent (Figures 3 and 4). The 
change in the area of the different climatic suitability clas-
ses comprised about 2.8%–5.6% of the total land area. The 
greatest change in area (5.6%) occurred during the 2000s. 
The areas of double-cropping rice cultivation that were most 
sensitive to climatic change were mainly located in central 
Jiangsu, central Anhui, the eastern Sichuan Basin, southern  
 
Figure 4  Decadal sensitivity of double-cropping rice to climate change. 
Henan, and central Guizhou. Simultaneously, transfor-
mation of areas between low and moderate climatic suita-
bility occurred in northern Zhejiang, southern Anhui and 
Hubei, and northern Guangxi. Transformation of areas be-
tween moderate and high climatic suitability occurred in 
central Jiangxi and Leizhou Peninsula. 
The northern boundary of rice cultivation directly affects 
the production pattern, and its adjustment is important for 
guide rice production patterns. Our results showed that 
P=0.05, based on the maximum entropy method, effectively 
represents the northern boundary of double-cropping rice 
cultivation [13]. Thus, the northern boundary lay in the line 
connecting Jiangsu-Anhui-Henan-Hubei-Sichuan-Gui- 
zhou-Yunnan and fluctuated under different decadal cli-
matic conditions (Figure 5). From the 1960s to 1970s, the 
northern boundary shifted southwards by about 0.5°–1.5° 
latitude in Jiangsu, Anhui, and southern Henan, and by  
 
 
Figure 5  Decadal changes in the northern boundary of double-cropping 
rice cultivation. 
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about 0.5° latitude in the eastern Sichuan Basin, and con-
tracted eastwards by about 0.5°–1° longitude in Guizhou. In 
the 1980s the northern boundary returned to that of the 
1960s, but contracted eastwards by about 1° longitude in 
Guizhou. The northern boundary in the 1990s was similar to 
that of the 1980s, but it shifted southwards by about 1° lati-
tude in eastern Sichuan and westwards by about 0.5° longi-
tude in Guizhou. In the 2000s, the northern boundary shift-
ed slightly northwards in eastern Sichuan and contracted 
slightly eastwards in Guizhou. The boundary was similar to, 
or had moved slightly southwards, compared to that of the 
1960s. 
2.5  Relationship between decadal changes in area of 
double-cropping rice cultivation and climate 
Plant distribution greatly reflects climate, especially tem-
perature and moisture conditions at the regional scale. The 
relationship between the decadal changes in area of double- 
cropping rice cultivation and climate were analyzed in terms 
of the number of days with a stable temperature not less 
than 18°C and annual precipitation. The correlation coeffi-
cient values and signs between each climatic suitability 
class and both climatic variables were inconsistent, which 
indicated that interaction between temperature and moisture 
affects the distribution of double-cropping rice cultivation, 
and the effects of the two climatic variables may be oppo-
site (Table 3). In particular, the high climatic suitability 
class showed a significantly positive correlation with tem-
perature, and a negative correlation with moisture, which 
indicated that increased temperature significantly promotes 
expansion of the high climatic suitability area for double- 
cropping rice cultivation in China, but this response is con-
strained by precipitation. 
3  Discussion 
Decadal intervals and changes in the area of climatic suita-
bility for double-cropping rice cultivation in relation to cli-
matic suitability classes were incorporated in a maximum 
entropy model in the present study. The total area climati-
cally suitable for double-cropping rice cultivation was 
highest in the 1960s, and subsequently the area showed an 
increasing trend at first and then a decreasing trend from the 
1970s to 2000s. However, the low climatic suitability area 
decreased, which implied that the moderate and high cli-
matic suitability areas increased in extent. Among the latter, 
the increase in area was greatest for the high climatic suita-
bility class, which was about 4.4 times the area of the 1990s 
and four times that of the 1960s. 
Agroecosystems are constrained by climatic conditions. 
Climate warming, drying or wetting will result in changes to 
agricultural patterns. Climate changes in recent decades are 
apparent in China under the background of global warming, 
and show a warming trend overall and decadal variability 
(Figure 2) [2,30]. The present study demonstrated that the 
areas of double-cropping rice cultivation seriously affected 
by climatic changes in recent decades are mainly located in 
Jiangsu, central Anhui, the eastern Sichuan Basin, southern 
Henan, Guizhou, and southern Yunnan. Considering the 
effects of humidity and temperature changes [31], the culti-
vation area of subtropical crops might be expected to shift 
northwards as a result of global warming, but water is a 
major limiting factor in the northern part of the subtropical 
crop cultivation area. Paddy rice cultivated in the south- 
central plateau region in Yunnan is located in a subtropical 
drought-prone area and would be limited because of water 
shortage resulting from global warming [31]. The present 
results indicated that transformation between areas of low 
and moderate climatic suitability for double-cropping rice 
cultivation was observed in northern Zhejiang, southern 
Anhui and Hubei, and northern Guangxi. Transformation 
between areas of moderate and high climatic suitability was 
observed in central Jiangxi and Leizhou Peninsula. Tem-
poral and spatial differences in rice production in response 
to recent climatic change in China are reported [32]. The 
middle and lower reaches of the Yangtze River is an effi-
cient agroecological system vulnerable to damage under 
climate warming and increased precipitation [31]. Rice 
yields are predicted to be reduced in the Huaihe River val-
ley, the middle and lower reaches of the Yangtze River, and 
its southern area as a result of climatic change [33]. The rice 
production area in Jiangxi exhibits low or moderate sensi-
tivity to climatic change [34]. The present results show that 
the climatic suitability for double-cropping rice has in-
creased with rising temperature and decreasing precipitation 
in most areas south of the Yangtze River in the 2000s [2].  
Table 3  Correlation between decadal changes in area of double-cropping rice cultivation and two climatic variables 
Climatic suitability class 
Number of days with stable temperature not less than 18°C Annual precipitation 
Correlation coefficient significance level Correlation coefficient significance level 
Low  −0.71 0.18 −0.33 0.58 
Moderate  −0.59 0.3 0.66 0.22 
High  0.93 0.02 −0.16 0.79 
Middle and high 0.85 0.07 0.45 0.44 
Total −0.26 0.68 −0.06 0.93 
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The northern boundary of double-cropping rice cultiva-
tion shifted southwards and contracted eastwards in the Si-
chuan Basin in the 1970s compared to the 1960s. Rice is a 
hygrophilous crop, and cultivation of double-cropping rice 
is positively correlated with annual precipitation, which is 
an important factor in rice cultivation [14]. Temperature did 
not increase significantly in the 1970s, but precipitation was 
reduced in the Jianghuai and Huanghuai areas [2]. As a re-
sult, the northern boundary for double-cropping rice culti-
vation shifted southwards and eastwards. Temperature has 
risen and precipitation decreased in the middle and lower 
reaches of the Yangtze River since 1979, which shows a 
warming and wetting trend [35,36], and has resulted in a 
northward shift in the northern boundary of double-crop- 
ping rice cultivation in the 1980s. The warmest 10 years 
during the past 60 years in China were recorded in the 
2000s. The double-cropping rice cultivation area in China 
has shifted northwards and expanded westwards, consistent 
with the effects of active accumulated temperature, length 
of the rice growing season, and annual precipitation [37]. 
The expansion of the area of double-cropping rice cultiva-
tion [37] has occurred slightly further southwards than that 
documented in this present study largely because of climate 
change.  
The double-cropping rice cultivation boundary has shift-
ed northwards by 34–60 km in Zhejiang, Anhui, Hubei and 
Hunan because of recent climatic warming and corresponds 
to a ≥10°C accumulated temperature of 5300°C/d [22]. The 
present results indicate that the northern boundary has not 
shifted further northward, under the combined effect of cli-
matic warming and moisture changes, in the 2000s compare 
with the northern boundary in the 1960s. Some plant species 
distribution boundaries appear to move northwards to a 
lesser extent and even southwards under climatic warming 
conditions, which might be due to the effect of water [23]. 
The difference in the movement range of the double-crop- 
ping rice cultivation boundary under climatic warming con-
ditions in the present and previous studies is that the inter-
active effects of moisture and temperature are considered in 
the present study [22,37]. 
4  Conclusions 
(1) Decadal changes in the distribution of double-crop- 
ping rice cultivation and climatic suitability in China are 
apparent. The total area climatically suitable for dou-
ble-cropping rice cultivation was highest in the 1960s and 
subsequently showed an increasing trend at first and then a 
decreasing trend from the 1970s to the 2000s. However, the 
low climatic suitability area has decreased in extent, which 
implies that the moderate and high climatic suitability areas 
have increased. Among the latter, the high climatic suitabil-
ity area has increased the most to about 4.4 times that of the 
1990s and about four times that of the 1960s.  
(2) The areas of double-cropping rice cultivation most 
sensitive to climatic change in China are mainly located in 
central Jiangsu, central Anhui, the eastern Sichuan Basin, 
southern Henan and central Guizhou. Transformation of 
areas between low and moderate climatic suitability has 
occurred in northern Zhejiang, southern Anhui and Hubei, 
and northern Guangxi. Transformation of areas between 
moderate and high climatic suitability has occurred in cen-
tral Jiangxi and Leizhou Peninsula.  
(3) Interaction between temperature and precipitation 
changes affects the northern boundary of double-cropping 
rice cultivation in China. The northward shift of the dou-
ble-cropping rice cultivation boundary in response to cli-
mate warming is restrained by the effects of decreased pre-
cipitation. The northern boundary of double-cropping rice 
cultivation shifted southwards and contracted eastwards in 
the 1970s, and extended northwards in the 1980s. However, 
the northern boundary has not shifted northwards because of 
climate warming in the 2000s. 
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